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Abstract
The startup of the Large Hadron Collider will allow scientists to probe energy scales
that existed picoseconds after the Big Bang. Monte Carlo samples of many Stan-
dard Model processes are produced to simulate the conditions in the Compact Muon
Solenoid detector. Data analysis techniques are developed to measure the cross sec-
tion of the WZ - 3e(e, 1u) decay channel. The results are al = 723.4 + 27.6(stat.) ±
144.7(syst.) fb for integrated luminosity 1 fb- 1. Cross section measurements de-
duced by our data analysis techniques agree with the theoretical predictions, ared.
708 ± 26.6 fb. The selection of WZ --+ 3U events gave 43.5 ± 6.6 signal events with
6.4 ± 2.5 background events, enough to claim an observation at the level of five stan-
dard deviations. The understanding of this process will aid in the search for the Higgs
boson, as well as in the search for new physics in the early stages of the operation of
the detector.
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Chapter 1
Introduction
On the outskirts of Geneva, on the French-Swiss border, lies the world's largest parti-
cle accelerator to date, planning to begin operation in Summer 2008. Physicists anx-
iously expect what secrets Nature holds that this project could reveal. The startup
of the Large Hadron Collider (LHC) will allow them to probe energy scales that ex-
isted picoseconds after the Big Bang, up to 14 TeV. Scientists are expecting to find
the Higgs boson [1] 1, a discovery that would confirm the Standard Model of particle
physics [2]. In addition, scientists are entering uncharted territory, where new theories
may be needed to explain what will appear [3]. Possible discoveries like supersymme-
try [4], extra dimensions [5], leptoquarks, and others have been theoretically predicted
and may lie within the reach of the detector. The most exciting prospect is, however,
the possibility of finding new physics, something that theorists have not thought of,
but nature will not hesitate to show us.
The Higgs boson is a theoretically predicted particle that explains the origin of
mass within the Standard Model [1]. The Standard Model of particle physics has
withstood many tests since its inception and has accurately predicted the existence of
other particles, couplings in particle interactions and much more. Most importantly,
the Standard Model has managed to unify three fundamental forces of nature, the
electromagnetic, weak and strong. However, the inclusion of the gravitational force,
1In this thesis Higgs boson will be used to refer to the minimal implementation of the Standard
Model with one Higgs boson.
with the merge of General Relativity and the Standard Model has been the "Holy
Grail" of Physics since the 20th century. The operation of the Large Hadron Collider
has heightened physicists' hopes for a solution to the problem of unifying all forces
and the world watches in anticipation.
The Compact Muon Solenoid (CMS) detector [8, 9] is one of the two multipurpose
experiments of the LHC, which aims to achieve the aforementioned physics goals, as
well as study aspects of heavy ion collisions. The three words naming the CMS detec-
tor highlight its main features: it is relatively compact, optimized to track muons and
possesses the world's most powerful solenoid magnet with a magnetic field strength
of 4 Tesla 2. A silicon tracker, electromagnetic and hadronic calorimeters as well as
muon chambers are used to determine the position, path, and momentum of the var-
ious products of proton-proton collisions. In particular, the muon detection system
is described in detail in this thesis. In preparation for the startup of the collider,
simulations of what might happen at CMS are being used to produce the necessary
analysis tools.
In this context, it is important to understand and trust our knowledge of the
known processes, before venturing into the unknown. The diboson final states of pp
collisions , ZZ, WW and WZ, constitute key parts of the Higgs discovery analysis,
and are directly sensitive to new physics. The process WZ -- 3U is one of the SM
candles which will be measured early on in the data taking.
For this project many pp collisions have been generated using Monte Carlo simula-
tion techniques. The W and Z vector bosons were detected via their decay products
with either electrons or muons in the final state. Neutrinos originating from the lepton
decay of the W boson are not directly detected. Instead, missing transverse energy
(IEiss) is measured and accounts for the neutrinos. Data. analysis techniques are
developed to extract lepton efficiencies and fake identification rates from the Monte
Carlo generated samples. Algorithms are used to maximize the performance of the
analysis in order to minimize statistical uncertainties.
This thesis constitutes a study of the WZ 3(e, i) decay channel with an
2It turns out the detector might, in the end, be operated with 3.8 T.
emphasis on muons. The muon detection system and the calculation of muon effi-
ciencies and fake rates are explained in detail. Nevertheless, electrons are included
in the cross section measurement [10]. Taking into account the geometrical accep-
tance of the detector and the branching ratio of each reaction, the cross section of the
WZ -- 3U(e, pi) decay channel is calculated with an integrated luminosity of 1 fb- 1.
Statistical and systematic uncertainties associated with the measurement are esti-
mated. The results confirm the cross section with which the Monte Carlo samples are
prepared. This allows us to trust the precision of this method for the measurement of
the cross section. Hence, when LHC begins operation in Summer 2008, this method
can be used with confidence to extract the WZ -+ 3e(e, /p) cross section. Looking for-
ward to the discoveries LHC will bring, please join me in a journey through the CMS
muon detection system and the measurement of the WZ -+ 3e(e, y) cross section.
In Chapter 2 the theory behind the Standard Model of Physics is outlined. Fol-
lowing in Chapter 3.2 is the description of the experimental setup, specifically the
LHC accelerator, the CMS detector, the coordinate conventions in use and a more in-
depth discussion of the muon detection system. The analysis performed in this study
is explained in Chapter 4, followed by the results of the cross section measurement in
Chapter 5. This thesis concludes with a summary of the results and their significance
in Chapter 6.

Chapter 2
The Standard Model of Particle
Physics
The Standard Model of particle physics has been a very successful theory since its
inception [2]. All fundamental ideas of the theory have been experimentally verified
except for the Higgs boson, which the LHC aspires to find. The success of the
Standard Model has stunned physicists in that it has managed to combine three
of the four fundamental forces: the electromagnetic, weak and strong. A theory of
everything [11], that unites the gravitational force with the other three is the "Holy
Grail" of particle physics right now, and LHC may give an insight in such a theory
as well.
As depicted in Fig. 2-1, in the Standard Model particles are divided into two
groups: fermions and bosons. Fermions have spin-! and obey Fermi-Dirac statistics,
amongst which the Pauli exclusion principle: no two identical fermions may occupy
the same quantum state simultaneously [12]. This follows from the application of the
angular momentum operator to two identical particles with half-integer spin. The
resulting wave function vanishes. Bosons, on the other hand, have integer-spin and
obey Bose-Einstein statistics, which allow several bosons to occupy the same quantum
state simultaneously. Fermions are further divided into quarks and leptons. There are
three families of each, with two members in each family, for a total of six quarks and
six leptons. Quarks form the basis for mesons, which contain two quarks (for example
kaons), and baryons, which contain three quarks, well-known examples of which are
the proton and the neutron. Quarks also possess electric (±- or ± ) and color charge,
allowing them to participate in electromagnetic and strong interactions, respectively.
In comparison, leptons do not have color charge and thus do not participate in strong
interactions. Three leptons, electrons (e), muons (p) and taus (T) carry an electric
charge (+1), whereas the remaining three leptons, neutrinos v (ve, v, and v,) do
not carry electric charge. All leptons have been observed experimentally, the latest
being the v, at Fermilab [13]. On the other hand, bosons are, in general, composite
particles (for example 4He and 2H+). The following force-mediating particles are
also bosons: the photon y, carrier of the electromagnetic force, the gluon, carrier of
the strong interaction between quarks, and the W and Z bosons, carriers of the weak
interaction.
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Figure 2-1: The Standard Model. The fundamental particles are subdivided into
fermions and bosons. Fermions are further categorized in quarks and leptons. Bosons,
the force carriers include the "yet to be observed" Higgs boson [14].
The Higgs boson is the remaining piece of the puzzle which completes the Standard
Model. It was predicted theoretically by Peter Higgs, Franqois Englert and Robert
Brout in 1964 [1], as the quantum component of the Higgs scalar field, to explain the
origins of mass. The Higgs field has a non-zero value in vacuum, which is constant
V !l
I
at around 247 GeV [15]. This vacuum expectation value, as it is referred to, breaks
the electroweak gauge symmetry with the Higgs mechanism and in the process gives
mass to all particles. Electroweak analysis requires that the Higgs boson has a mass
of 129 70 GeVI [15]. Various Higgs decay topologies within the predicted limits will
be probed such that the Higgs boson must be found if it exists. One of the important
Higgs background channels, the WZ -- ef+f-fv decay (see Fig. 2-2), forms the topic
of this thesis. In addition, the couplings between W and Z bosons will be measured
at the LHC. Hence, it is important to understand how the decay works in theory and
simulation.
q W ± Wq
q Z 4' Z
Figure 2-2: The t-channel (left) and s-channel (right) tree-level Feynman diagrams
for WZ production at LHC.
The cross section, defined in particle physics as the probability of interaction be-
tween particles, is one of the fundamental measurements for each decay channel. The
cross section is understood by the classical picture of two balls hitting each other
and being deflected. The area of the target which deflects is denoted by the cross
section. The next-to-leading-order cross sections of the W+Z and W-Z final states
are theoretically predicted to be 31.9 pb and 19.6 pb respectively at the LHC center
of mass energy Vs = 14 TeV [16]. The reason for the difference in these values is
that protons, which consist of (u, u, d) quarks, collide at the LHC. The abundance
of ordinary matter over anti-matter in the collision leads to an abundance of W +
over W- bosons. Events with WZ dibosons have been observed at Fermilab [17].
'For convenience, natural units are used throughout this thesis, where h=c=l.
The likelihood that a particle decays to a particular mode is known as the branching
fraction for that decay mode [15]. The branching fractions for various decay chan-
nels, including WZ --- 3(ec, yi), have been theoretically predicted and experimentally
measured at LEP [15]. It is worth noting, that the W and Z decays to taus have to
be taken into account because the taus further decay into electrons and muons. The
branching fractions for the aforementioned decays are shown in Table 2.1.
Decay Branching Ratio Decay Branching Ratio
Z -- e+e-  0.03363 ± 0.004 T7 -e v, 0.1784 ± 0.0005
Z -+ P+I-  0.03366 ± 0.007 T7 -/ tP ±7/T 0.1736 ± 0.0005
Z --* 7-  0.03370 + 0.008 WZ --- e+e+e -  0.004427 ± 0.00007
W -+ e1/e 0.1075 ± 0.0013 WZ P- PI±+p- 0.004342 ± 0.00008
W -P-- /pV 0.1057 ± 0.0015 WZ -* e'iep 0.004424 ± 0.00008
W -T+ ±v, 0.1125 ± 0.0020 WZ - pe+ee -  0.004346 ± 0.00007
WZ - £•±L- 0.01754 ± 0.00015
Table 2.1: Branching fractions for the W and Z decays, as well as WZ diboson
decays [15].
Using these predictions, Monte Carlo datasets are produced and studied. The goal
of this analysis is to obtain the cross section measurement using the reconstructed
event information, that is, without using the known cross section from the preparation
of the samples. After a brief explanation of the experimental setup, with an emphasis
on muon identification, the study of the WZ - 3e(e, p) decay and the measurement
of its cross section is shown.
Chapter 3
Experimental Setup
3.1 LHC accelerator
The Large Hadron Collider, scheduled to begin operation in Summer 2008, is situated
in a 27km-radius circular underground tunnel on the border of France and Switzer-
land. The tunnel was previously used for the Large Electron Positron collider, the
earlier generation of particle accelerators at CERN. The goals of the collider are to
accelerate the proton beams to their expected energy and to keep the proton beams in
the circular path, for the collisions to occur at the designated collision points within
each experiment [6].
Before being injected into the main accelerator, as shown in Fig. 3-1, the two
proton beams are prepared in a series of systems. The linear accelerator Linac 2
generates 50 MeV protons which then proceed to the Proton Synchrotron Booster
where their energy is increased to 1.4 GeV. The Proton Synchrotron and Super Proton
Synchrotron follow to further increase the energy of the protons up to 450 GeV, with
which energy the proton beams are injected into the main accelerator. There, the
proton beams keep being accelerated until they each reach an energy of 7 TeV, for a
total collision energy of 14 TeV, the highest energy ever achieved so far.
The two proton beams travel in opposite directions around the ring. Instead
of having a continuous beam, the protons are bunched together, to make sure that
collisions occur at discrete intervals of minimum 25 ns apart. A series of dipole and
quadrupole superconducting magnets keep the beam in its circular path and focused,
to maximize the likelihood of interaction happening at the collision points.
In addition to the proton-proton collisions, the LHC will be used to collide lead
(Pb) heavy ions [6]. Pb ions undergo a similar procedure to accelerate in the detector,
as described above for the protons. In summary, the LHC provides the necessary
infrastructure to produce and accelerate protons and heavy ions, so they subsequently
collide inside the detectors. The description of the CMS detector that follows in
Sec. 3.2 shows how the products of these collisions are detected and transformed into
data, which is studied to reveal what lies in these high energies.
Figure 3-1: The diagram depicts the LHC accelerator, including the locations of the
four main experiments: CMS, ATLAS, ALICE and LHC-b. The two proton beams
are injected on the bottom of the diagram, and accelerated towards the collision
points in the detectors [7].
3.2 CMS detector
The Compact Muon Solenoid detector [8] [9] will serve an array of physics goals.
Specifically, to find the Higgs boson is the most anticipated goal. However, the CMS
detector will also contribute in the search for supersymmetric particles, new massive
vector bosons, extra dimensions or the unexpected. The LHC will allow scientists to
explore a new energy regime, as well as study heavy-ion collisions.
The achievement of the LHC's physics goals implies specific requirements that
guided the design of the CMS detector. Specifically, these requirements are [18]:
* good muon identification and momentum resolution, good dimuon mass resolu-
tion,
* good electromagnetic energy resolution, good dielectron and diphoton mass
resolution, wide geometric coverage, and efficient photon and lepton isolation,
* good charged particle momentum resolution, reconstruction efficiency in the
inner tracker and efficient triggering,
* good missing transverse energy and dijet mass resolution.
The CMS detector, shown in Fig. 3-2, has the following important features: a
high-field solenoid magnet, a silicon-based tracking system, a scintillating crystals-
based electromagnetic calorimeter, a hadronic calorimeter and three types of muon
chambers.
Different types of particles follow different paths inside the detector, as depicted in
Fig. 3-3. In the region of the tracker and calorimeters, a 4 Tesla magnetic field exerts
forces on the charged particles which traverse the region, and forces their path into a
helical trajectory. Any non-muons that survive the calorimeters stop at the iron yoke
before reaching the muon chambers. Being minimally ionizing particles, muons barely
interact with anything, and hence enter the 2 Tesla magnetic field collapsed into the
iron yoke before the muon chambers. The muon chambers detect the muon tracks,
reconstruct their paths and measure their position and momentum. Hadrons, such as
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Figure 3-2: The CMS detector along with its most important features and properties
is shown [19].
neutrons, kaons and charged pions, traverse the silicon tracker and electromagnetic
calorimeter until they stop at the hadronic calorimeter. There, they release all their
energy, which is measured and assigned to the detected reconstructed path. Electrons
and photons stop earlier, at the electromagnetic calorimeter, which measures their
released energy as well. Short living particles, like taus, only travel less than a few
millimeters starting from the collision point before they decay and their existence is
inferred by their decay products. A similar mechanism permits scientists to infer the
production and decay of W and Z bosons, and will also be applied for the Higgs
boson.
3.2.1 Coordinate Conventions
In order to understand the description of the CMS detector, it is imperative to specify
the coordinate conventions that are used. The origin of the CMS coordinate system is
the nominal pp collision point at the center of the detector [8]. The x-axis points ra-
dially inward towards the center of LHC, whereas the y-axis points vertically upward.
The z-axis points along the beam direction from Point 5 toward the Jura mountains.
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Figure 3-3: This detailed transverse slice of the CMS detector shows the paths of
various types of particles and their fate in CMS. Electrons and photons stop at the
electromagnetic calorimeter, hadrons stop at the hadronic calorimeter, while muons
continue their journey through the muon chambers. Charged particles have a curved
path, caused by the magnetic field of the detector [19].
In spherical coordinates, the azimuthal angle € is measured from the x-axis in the
x-y plane and the polar angle 9 is measured from the z-axis. Pseudorapidity, a useful
quantity that shows the relative angle of a particle with respect to the beam axis,
is defined as q = - ln(0/2). The significance of various values of pseudorapidity is
illustrated in Fig. 3-4, which shows a side view of the CMS detector. Transverse
energy ET and momentum pT are measured from the x- and y-components in the
plane transverse to the beam direction.
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Figure 3-4: This detailed side view of a quartile of the CMS detector shows the relative
angle of various values of pseudorapidity. It is clearly seen that the tracker (in red,
at the origin) only covers up to q = 2.5. Electromagnetic (green) and hadronic (blue)
calorimeters, as well as muon chambers (red) cover up to q = 3.0 [19].
3.3 The CMS Muon Detection System
The Muon Detection System is the cornerstone of CMS. From the inner tracker to the
outer muon chambers, the whole CMS detector is used to detect Muons. The goals
of the Muon Detection System are: a) to identify muons, b) measure their transverse
momenta, c) recontruct their path and d) use them as a trigger seed. Triggering
is the process by which uninteresting events are rejected and the rate of events is
reduced to become computationally manageable. The CMS experiment employs three
types of muon chambers, Resistive Plate Chambers (RPC), Drift Tubes (DT) and
Cathode Strip Chambers (CSC). The DT are only installed in the central barrel
region (1,qJ < 1.2), and the CSC only in the endcap region(ý71 > 1.2). The RPC cover
both regions. After a brief explanation of how each of these muon chambers functions,
their interpretation into the overall muon detection system and their performance are
described.
The three different types of muon chambers are necessary, as they use different
approaches for muon detection. The RPC have fast time resolution and are used for
triggering purposes and to supplement the other chambers and solve ambiguities. For
more precise and accurate position and momentum measurements, the DT and the
CSC are used. The DT are gaseous detectors used in the barrel region, that however
cannot handle the significantly higher particle density in the forward region. For this
reason, CMS employs CSC in the forward detectors.
3.3.1 Drift Tubes
The Drift Tubes (DT) system covers in the barrel region of CMS (IqI < 1.2). As
shown in Fig. 3-5, they consist of horizontal and vertical cathode tubes with roughly
rectangular cross section and an anode wire in the middle. Upon their entrance in
the gaseous detector (85% Ar, 15% CO 2), the muons ionize the gas and the pro-
duced electrons accelerate to the anode. The acceleration of the electrons creates an
avalanche of electrons as they approach the anode wire, resulting in amplification of
the signal. From the drift velocity of the electrons that reach the anode, the exact
position of the muon is inferred.
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Figure 3-5: The anode wire (pink) in the middle of a DT is shown, surrounded by
equipotential circles and with electric field lines ending in it. The electric field lines
begin from the cathode tubes (blue) at the edges of the DT [18].
3.3.2 Cathode Strip Chambers
The Cathode Strip Chambers (CSC) system lies in the endcap region of CMS (Irll >
1.2). As depicted in Fig. 3-6, each CSC consists of 6 gas gaps, where each gap consists
~--- -:--- ~-~:--~-I-- -- II----:--- -'- - -: : -- - - -:~I- ---:- - --
of several radial cathode strips and a plane of anode wires that are perpendicular to
the strips. When a charged particle enters a CSC, it causes gas ionization and the
resulting electron avalanche causes a charge on the anode wire, and an image charge
on a group of neighbouring cathode strips. The fast signal of the anode wires is used
for fast triggering but has a coarser position resolution. To measure precisely the
position of the particle, the center of the charge distribution on the cathode strips is
used.
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Figure 3-6: The path of a muon through a CSC is shown. The electrons produced
by gas ionization accelerate towards the anode wires, whereas a cloud of positive ions
moves towards the cathode strip. The fast time resolution on the wires is used in trig-
ger, whereas the position is obtained using the center of the positive ion distribution
on the strips [18].
3.3.3 Resistive Plate Chambers
The Resistive Plate Chambers (RPC) are fast gaseous detectors that are located in
both the barrel and endcap regions, up to |Ir| = 1.6. Their fast time resolution gives
them a crucial role in triggering, but they also contribute in resolving ambiguities in
track reconstruction, complementing the DT and CSC information. As illustrated in
Fig. 3-7, each RPC consists of a thin parallel plate with two high resistivity electrodes.
The high resistivity property allows the RPC to have a high signal amplification
without damaging the electrodes. The signal produced by the avalanche electrons
is not detected by the electrodes, but by external metallic strips that are parallel
to the DT in the barrel region and to the radial strips of the CSC in the endcap
region. The pattern of the hits detected on these strips provides the muon momentum
measurement used in triggering, as explained in more detail in Sec. 3.3.5 and 3.3.7.
Figure 3-7: The path of a muon through an RPC causes an electron avalanche in the
gas gap which is detected by metallic detecting strips. The fast time resolution of
this hardware configuration permits triggering at the Level-i Trigger [18].
Data from the described muon chambers, in combination with tracker and calorime-
ter data, is used to achieve the four main goals of the CMS Muon Detection System:
muon identification, momentum measurement, path reconstruction and triggering.
3.3.4 Muon Identification
Muon identification begins at the muon chambers. Muons are the only observable
particles to reach the muon chambers. Neutrinos are not directly observed, but
inferred by measuring the missing transverse energy. Most short-living particles decay
in the tracker, and then electromagnetic calorimeters absorb electrons and photons,
while measuring their energy. Subsequently, hadrons are consumed at the hadronic
calorimeters. In addition, the iron magnet ensures that no particles but muons and
neutrinos passes through to the muon chambers. Muons leave a minimally ionizing
signature behind, unlike other particles. Exploiting this difference, the system assigns
a muon compatibility number to each track. Different analyses can have a different
threshold on this number for a particle to be considered muon, depending on how
strict the desired criteria are.
3.3.5 Muon Momentum Measurement
The basis for the muon momentum measurement is the curvature of its path. Knowing
the radius of curvature, and taking into account the magnetic field strength, the
transverse momentum of the muon is given as
F = ma,
quB =mU2
pT = RqB,
where F is the centripetal force felt by a particle of mass m and charge q resulting in
acceleration a. This leads to a velocity u along the path of the particle with radius
of curvature R under the influence of magnetic field B. The transverse momentum
PT is equal to the product of R, q and B.
3.3.6 Path Reconstruction
To achieve the muons path reconstruction, the CMS detector uses a seeded recon-
struction algorithm called Kalman filter [20]. Using momentum and position data of
a particle from its previous positions, the Kalman filter estimates, with uncertainties,
the location and momentum of the particle in the future. Using the Kalman filter
estimate, and observation data, the particle path is accurately reconstructed.
3.3.7 Trigger
In the millions of events per second, only a few events are interesting to study. To be
able to store and process these events, the proton-proton collision rate of 20 MHz at
the LHC needs to be reduced to a few hundred events per second, by way of a system
of triggers. The level-1 trigger uses hardware features from each of the three muon
chambers to select the best-quality muons. At the local trigger, as it is also called,
DT and CSC give location data for the most promising candidates, as determined
by the RPC. At the regional trigger level, in the two regions, barrel and endcap, DT
and CSC combine their information in their overlap section, to suggest up to 4 good
quality muon candidates for each region. The RPC, using the Pattern Comparator
Trigger also suggests up to 4 barrel and 4 endcap muon candidates to the global muon
trigger. In the end, combining information of up to 16 muon candidates in the endcap
and barrel regions, the global muon trigger selects up to 4 good quality muons to give
to the CMS global trigger. The global muon trigger also uses information from the
calorimeters and the isolation cones surrounding the muon candidates to determine
the best candidates. The global muon trigger, combined with other hardware triggers
apart from muons, is followed by the High-Level Trigger (HLT), where the event is at
least partially reconstructed and further rejection is achieved. The implementation of
the high-level trigger in software makes the triggering system more flexible which is
essential in the beginning of the data taking and later when the integrated luminosity
increases. Throughout this process, the rate of events is reduced to the order of a
100 kHz.
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Figure 3-8: The CMS trigger system is shown. Data from the calorimeter trigger,
the RPC, the CSC and the DT regional triggers is combined in the global trigger
to reduce the rate of events to ; 100kHz. The results of the level-1 global trigger
are then inserted to the High-Level Trigger, which is software based and will further
decrease the rate to d100 [21].
Chapter 4
Analysis
To emulate a measurement of the WZ - 3e(e, y) cross section, data analysis is
conducted on Monte Carlo produced datasets. The datasets are produced with a
specific cross section corresponding to what the Standard Model predicts. Data anal-
ysis techniques are developed to measure efficiencies, as this will be an important
measurement once the LHC is running. Fake rates and acceptances are calculated
based on Monte Carlo simulated events. A procedure, where various cuts are applied,
is run to select WZ events and reject background events, while maintaining a high
signal-to-background ratio. Optimization techniques are used to find the cuts that
increase this ratio. Combining these measurements with the assumed luminosity al-
lows us to measure the cross section of the samples based on recontructed quantities
only. In the following sections, each step of the analysis is explained thoroughly and
in Chapter 5 the results of the analysis are presented.
4.1 Datasets
Signal (WZ) and background (WW, ZZ, W+jets, Z+jets) datasets are produced
using the PYTHIA event generator [22]. The background from tt events is produced
using the TopREX Monte Carlo simulation program [23]. Samples of Z -*+p-
decays for the efficiency calculation, and photon-jets and QCD samples for the fake
rates calculation, are also generated using PYTHIA. The passage of the produced
particles through the CMS detector is simulated with the GEANT4 [24] software
package, which is standards in CMS. The results are the Monte Carlo samples that are
used in this analysis. The data analysis framework ROOT [25] is employed to analyze
the generated data: apply cuts, calculate efficiencies, fake rates and acceptances and
produce the figures.
4.2 Lepton Identification
A W/Z boson decays either hadronically or leptonically. This analysis focuses on the
fully-leptonic decays. In particular, three charged leptons, electrons or muons, are
detected and allow us to infer the presence of the W boson and the Z boson. One
fiducial requirement for these leptons is that their pseudorapidity has to comply with
nrI1 < 2.5. This is the maximum pseudorapidity covered by the tracker. A kinematic
requirement is also imposed on the transverse momentum of the leptons, pT > 7 GeV.
This ensures that the track reaches the outer muon chambers. For the path of a track
to be fully reconstructed hits from the tracker through the muon chambers are used
and these fiducial cuts guarantee that the minimum number of hits is available.
Tracks with an associated supercluster in the ECAL are identified as electron can-
didates if they comply with 0.75 < Ecluster/Ptrack < 3, where Ecluster is the supercluster
energy and Ptrack is the momentum of the track. Further criteria are required for the
candidate to be considered a good reconstructed electron. Particularly, the energy
deposited in the electromagnetic and hadronic calorimeters by an electron track for a
0.015 < AR < 0.3 cone around the electron candidate (calorimeter isolation) has to
be smaller than 15 GeV. The distance between two particles, denoted as AR, is given
by /(Aqt) 2 + (A) 2. In addition, most of the electron energy has to be deposited in
the ECAL (instead of the HCAL) and the energy of the electron has to be at least
comparable to its momentum. The criteria are summarized in Table 4.1.
Muon candidates are charged tracks that are detected through the muon chambers.
Stricter isolation criteria are enforced to ensure that minimally ionizing tracks are
considered as good reconstructed muons. In particular, the energy measured in the
electromagnetic and hadronic calorimeters within a AR < 0.3 cone around the muon
(calorimeter isolation) must be smaller than 5 GeV. Moreover, the sum of the pT
of the tracks within a 0.015 < AR < 0.3 cone around the muon candidate (track
isolation) should be smaller than 10 GeV. Further kinematic cuts ensure the quality
of the muon tracks. The criteria for a muon candidate are summarized in Table 4.1.
Good Electron Good Muon
Transverse Energy ET > 7 GeV Transverse Momentum PT > 7 GeV
pseudorapidity q'jl < 2.5 pseudorapidity 1771 <2.5
track isolation / ET < 0.2 track isolation / PT < 0.2
calorimeter isolation < 15 GeV calorimeter isolation < 5 GeV
energy / momentum > 0.8 track isolation < 10 GeV
energy deposited in HCAL / ECAL < 0.05 < 0.2
I1/E - 1/PI <0.06
Table 4.1: Good electron and good muon isolation and kinematic selection criteria
According to the criteria summarized in Table 4.1, the acceptances, trigger efficien-
cies, muon efficiencies and fake rates are calculated as shown in Sections 4.3, 4.4, 4.5, 4.6
and [10].
4.3 Acceptance
Acceptance is a measure of how often the CMS detector detects particles and how
many particles are not counted because they never reach the detector because they are
either outside the fiducial volume (177I > 2.5) or lack the necessary momentum(pT < 7
GeV).
Acceptance is measured using generator level information where the exact number
of existing particles is known. Detected particles are defined as particles that pass
the 1r71 > 2.5 and pr < 7 GeV cuts. The following formula applies:
number of WZ -- 3U events 3e fiducialA(WZ -~ 31)=
number of WZ -+ 3U events
The acceptances of electrons and muons for the Monte Carlo datasets used in this
analysis are summarized in Table 4.2. It is evident that the results are very similar
amongst the four different decay paths, which is expected.
WZ -* Acceptance
3p 0.442
2/ile 0.448
2el/u 0.442
3e 0.431
3M(e, ,) 0.441
Table 4.2: WZ -ý 3M(e, ki) Acceptance results
4.4 Trigger Efficiency
In addition to acceptance, trigger efficiencies are determined for our events. The
trigger efficiency is a measure of how often the trigger correctly reconstructs an event
which is inside of the acceptance region (1r7I < 2.5 and pT > 7 GeV). There are several
trigger paths, but in this analysis we use only those for which a single lepton or two
leptons are required in the event [26]. Table 4.3 shows the trigger efficiencies for
the different cases of single/double muons and single/double electrons, as calculated
using simulations. At the beginning of LHC operation, trigger efficiencies will be
measured using a similar tag and probe method as used for the muon efficiencies in
Section 4.5. The trigger efficiencies are higher than 99% for all cases, which is why
they are negligible and are not taken into account further in the analysis.
case cuts trigger efficiency
single p pT(pl) > 11 GeV > 99%
double p PT(pl) > 3 GeV and pT(P2) > 3 GeV > 99%
single e pT(e) > 16 GeV > 99%
double e pT(el) > 12 GeV and pT(e2) > 8 GeV > 99%
Table 4.3: Trigger efficiencies
4.5 Efficiency
The efficiency is defined as the ratio of observed leptons to the total number of leptons.
Two alternative ways to determine the efficiency are applied. The first makes use of
generator level information ensuring the presence of a real lepton, and the second,
using only reconstructed quantities. The efficiency dependence on spatial (77) and
kinematic (PT) parameters are explored. The results are compared in order to enable
us to trust the reconstructed efficiency results. When the LHC begins operation, only
reconstructed data will be available, and a method based on data only is a major asset
to avoid problems due to disagreement between data and Monte Carlo simulation.
The following analysis is based on the assumption that the behavior of isolated
muons is the same as the behavior of muons originating from Z •-+ /Pp- decays. That
is to say that the efficiencies of muons in the two cases are identical. In addition,
the muon efficiencies are parameterized with respect to PT and qr. During LHC data-
taking, the detected muons will be originating from various decays. Any differences
in the shapes of the distributions of various decays, including WZ --+ 3e(e, A) will be
taken into account using the parameterization 1.
Monte Carlo samples of Z -•+ pp- are produced and generator information is
used to calculate efficiencies, according to the following formula:
number of good reconstructed muons
Egen = number of generated muons
The second method used to find the efficiency makes no use of our knowledge of
the generated sample. This method uses a tag muon, which is a reconstructed muon
with PT > 20 GeV and 1771 < 2.5, and a probe track. The probe track is the highest
momentum track of the event, excluding the tag muon track. The efficiency is then
found using the following formula:
number of events with a tag muon and a probe track that is a good rec. muon
frec = number of events with a tag muon and a probe track
'Electron efficiencies are also parameterized using electrons originating from Z -+ e+e- de-
cays [10].
Several algorithms for determining the probe track are explored, however, the highest
energetic track is found to be the most reliable measure of the muon candidate.
In Fig. 4-1 the efficiency results of the two methods are displayed as a function
of 7 and pr. The small difference between these results (< Erec/6gen >= 0.995) gives
us confidence that the method based on reconstructed objects is reliable. Increasing
1771 leads to a lower overall efficiency, as fewer particles pass the kinematic cuts in the
region near IJ| = 2.5. In addition, low PT translates into low efficiency for the same
reason. Sudden drops in efficiency at certain values of 7 result from the gaps between
successive muon chambers that result in fewer detected muons in those regions. No
attempt is made to recover those muons.
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Figure 4-1: The plots show efficiencies calculated in two ways, using generator level
information (blue) or only recontructed data (red). Results are comparable as <
6rec/Egen >= 0.995. Muon efficiencies are high, averaging P 90%, and they increase
with decreasing pseudorapidity 7 or increasing transverse momentum PT.
Muon efficiencies calculated using methods that use only reconstructed data yield
results in agreement to the methods that use generator level information. Though
the two methods are not identical, the fact that they result in very similar results is
significant. This allows us to use the methods that use only reconstructed objects to
calculate muon efficiencies with confidence in our results. High muon efficiencies are
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a result of the CMS design, optimized to study muons.
4.6 Fake Rates
Fake rates are important to estimate how often a track is identified as an isolated
muon, when in reality it is not an isolated muon. The result, if it has any statistical
significance is used to correct the signal. Photon-jets (y-jets) and QCD Monte Carlo
are produced and analysed to calculate how many muons are found in each. Any
muons present in these samples are in jets, in contrast with muons produced from W
and Z decays that are usually not found in the vicinity of jets. Hence muons found in
those samples via the muon selection algorithm are considered fake for this analysis.
For the y-jets samples, an algorithm is used to find, in each event, a good recon-
structed jet in opposite direction to the photon. Then, any particles within AR < 0.3
of the jet candidate are passed through the good muon criteria (see Table 4.1). If any
muon is found, it has to be fake. The fake rate in this case is:
number of good muons
number of good reconstructed jets
For QCD samples, two different methods are used to calculate the fake rates and
results are compared to each other and the y-jets fake rates. In the first method,
two good reconstructed jets in opposite directions are identified. Any particles within
AR < 0.3 of one of the jet candidates are checked against the good muon criteria.
Similarly, in the second method, the highest energetic jet is selected to be the tag
jet. Then, probe tracks, in opposite direction of the tag jets are checked with the
good muon criteria. Any muons found are classified as fakes, as they are not isolated
muons originating from W or Z decays. The following formula determines the fake
rate in QCD samples:
Fake Rate (QCD) = number of events with good muon in probe jet/track
number of events with probe jet/track
Fake rates are found for each of the aforementioned three cases. Results are
summarized in Fig. 4-2. The very low number of fake muons is a consequence of
the relatively strict good muon criteria. In particular, the fact that muons interact
minimally with matter and are produced without jets in W and Z decays makes it
hard for jets to be identified as isolated muons. With fake rates of the order of 10- 4,
fake muons constitute a statistically insignificant disturbance in the results of this
study and hence are ignored in the following.
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Figure 4-2: The plots show fake rates calculated for 7-jets and QCD samples in two
ways (di-jets and track-jets). Results are comparable amongst the three methods.
Muon fake rates are extremely low, averaging - 10- 4, and no dependence is found in
r7 or PT.
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4.7 WZ Event Selection
Signal WZ events are accepted if at least three charged leptons, electrons or muons,
are detected. These leptons must satisfy the minimum kinematic cuts of PT > 7
GeV and r17I < 2.5. The four possible final states of WZ production are the following:
* 3p: W --- pv,, and Z -- p+ A+-
* e24p: W -- eKve and Z -- M+ P+-
* p2e: W -- pv,• and Z - e+e -
* 3e: W -4 e've and Z - e+e -
Subsequently, two same flavor, oppositely charged leptons are required to form
the Z boson candidate. The reconstructed Z mass is required to be within 25 GeVof
Mz = 91.1876 ± 0.0021 GeV [15]. In case more than one dilepton pair are identified,
the pair with mass closest to the nominal Z mass is chosen. In addition, the highest
momentum lepton of the Z candidate pair must have pT > 17.5 GeV and the second
lepton of the pair must have pT > 15 GeV. A second Z candidate is formed if there
exists another same-flavor pair of leptons. This serves to reject ZZ -ý 4U background
events.
After the Z boson candidate has been identified, the remaining lepton, or the
highest energetic remaining lepton if there are more than one, is selected as the lepton
originating from the W boson decay. Its transverse momentum must be PT > 12 GeV.
The missing transverse energy (9 1iss) is identified as the energy of the neutrino that
also originates from the W decay. The Piss has to be larger than 65 GeV, and
transverse momentum p•SS > 27 GeV. These cuts help identify the W candidates.
To reduce the high cross section tt background, a further constraint is needed. An
event is rejected if it has at least one good reconstructed jet with transverse energy
ET > 25 GeVwhich lies outside the AR < 0.3 cone of any of the three leptons.
Further cuts are imposed on the angles between the W and Z bosons (Aqw,z > 60),
9ss and W (A*.i,,Z < 164') and the minimum angle between X~WSS and any lepton
(430 < min(A s q ) < 1680). Those latter cuts serve to reduce the other high-cross
section backgrounds: Z -- p+p- and Z - e+e
The plots in Fig. 4-3 show the W transverse and f+f- masses of the signal, after
the W and Z bosons are identified. The W transverse mass is calculated as follows: 2
2Uiss + E )2 _ iss ET -n ) 2
-- niss 2 + E%2 + 2 iiss~ - t i 2 2 - 2 iss
- (miss2 1 jniss2) + (E~2 - T2) + 2(fgissEf iss
= I••ss2 + + 2 pT pMiss [1 - COS(A missl,)]
- 2 [1 - cos(A missz,)] 1 pf liss
The £+f- mass refers to the mass of the vector sum of the two leptons that are
identified as originating from the Z decay. The plots serve as a sanity check that
this method correctly identifies the leptons originating from the W and Z bosons
decays, respectively. Tables 4.5 and 4.6 shows the effects of incremental cuts on
signal and background. Optimization techniques, such as Neural Networks and the
Genetic Algorithm for Rectangular Cuts Optimization (GARCON), are both used to
improve the signal to background ratio. These techniques are explained into more
detail in Appendix A.
4.8 Cross Section Measurement
The cross section for a reaction in particle physics expresses the probability of the
reaction to occur. Experimentally, the cross section is determined by the ratio of the
number of signal events Nwz divided by the acceptance A, the efficiency e and the
integrated luminosity over which the cross section is being measured. The following
formula, is used:
Nwzr =(4.1)
AEL
2' here refers to the lepton identified as originating from the W decay, whereas 'miss' refers to
the missing energy. i7~Vfis and MA are of negligible order of magnitude, compared to p- and iss.
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Figure 4-3: The plots show the W transverse mass (left) and f+f- mass (right) of
the signal. The tail in the W plot is characteristic for the W boson. The peak in the
f+f - plot is centered around the world average Z mass value, as these leptons are
identified as originating from the Z boson decay.
where Nwz = N -- Nbg, i.e. the number of signal events equals the number of
observed events in data minus the number of predicted background events.
Results from Sections 4.5 and 4.3 are used to estimate the efficiencies and accep-
tance in the calculation of the cross section. The samples are produced to correspond
to 1 fb- 1 of integrated luminosity. The number of signal events needs to be cor-
rected for using the fake rates calculated in Section 4.6. However, due to the very
low muon and electron fake rates, 10- 4 and 10- 3 [10], respectively, the fake rate cor-
rection is insignificant. There are two methods to include efficiencies in the cross
section measurement. The first method is to parameterize the efficiencies calculated
in Section 4.5 for muons and in Reference [10] for electrons. Then for each WZ event,
the efficiencies for each of the three leptons are extracted from the parameterization
and multiplied to get the overall event efficiency. For each of the four possible final
states, the combined efficiency is determined by the average of all the overall event
efficiencies. The second method to include efficiencies is to find the ratio of the num-
ber of WZ events with three good reconstructed leptons divided by the number of
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WZ events with three leptons that pass the fiducial cuts (PT > 7GeV and Ir|l < 2.5).
Using this method, combined efficiencies are calculated for each of the four possible
final states. The two methods produce similar results on efficiencies, as expected, and
the second method is subsequently used in the cross section measurement due to its
simplicity.
4.9 Uncertainties
4.9.1 Systematic Uncertainty
Several sources contribute to systematic uncertainties. To begin with, a systematic
uncertainty of 10% is assumed on the luminosity measurement for 1 fb- 1 [26]. In
addition, the uncertainty on the combined Level-i and High Level trigger efficiency is
estimated to be at least 1% [26]. As seen in Section 4.5, muon efficiencies calculated
from reconstructed data are about 1% different from efficiencies calculated from gen-
erator level information. Similarly, a systematic error of about 1% arises from electron
efficiencies. These uncertainties arise due to the imperfect electron and muon identi-
fication at the reconstruction level. Another source of systematic uncertainty is the
track efficiency whose contribution is assumed to be 1% [26].
Table 4.4 summarizes the various contributions to systematic uncertainties.
Systematic Source Uncertainty
luminosity 10%
L1/HLT trigger efficiency 1%
e identification 1%
p, identification 1%
track efficiency 1%
total systematic 10%
Table 4.4: Sources of systematic uncertainties
4.9.2 Statistical Uncertainty
Statistical uncertainties are estimated using the equation for the cross section (see
Eq. 4.1). The rules for propagation of uncertainties [27] lead to the following formula:
2  ( eents 2 ('A 2 2 AA 2  uAL 2Au + et +s +  (4.2)AEL AEL AEL AEL '
where a is the cross section, A the acceptance, c the efficiency and L the integrated
luminosity.
Statistical uncertainties arise due to the limited number of events. In this anal-
ysis, the number of events is sufficiently large to apply Gaussian statistics in the
determination of statistical uncertainties.
Cuts WZ ZZ WW tt
Number of events 1621.25 153 114300 830000
3 good leptons 177.42(10.94%) 51.78 (33.84%) 4.45(<<1%) 257.82(<<1%)
Z boson 155.91(87.87%) 36.79(71.04%) 0.49(11.11%) 71.75(27.83%)
pT(ZI) > 17.5 GeV& pT(Z2) > 15 GeV a 144.73(92.83%) 33.72(91.66%) 0.49(11.11%) 49.67(69.23%)
pT(W) > 12 GeVb 135.34(93.51%) 29.87(88.57%) 0(0%) 33.11(66.67%)
AO(W, Z) > 60 132.58(97.96%) 29.14(97.56%) 0(0%) 32.33(98.62%)
A(g"miss, W) < 1640 115.34(87.00%) 27.13(93.10%) 0(0%) 27.99(86.59%)
Number of jets< 1 87.97(79.27%) 15.33(56.52%) 0(0%) 2.76(9.86%)
,Viss > 27 GeV& -i4Tss > 65 GeV 66.90(76.04%) 6.43(41.96%) 0(0%) 2.37(85.71%)
430< min(AO(,iTss , e)) < 1680 43.53(65.07%) 2.18(33.81%) 0(0%) 1.18(50%)
Overall Efficiency 2.68% 1.42% 0% ; 10-6
Table 4.5: The results of incremental cuts on WZ -- 3U and backgrounds ZZ, WW and tt are shown. The percentages in
parentheses refer to the number of events passing since the previous cut.
"ZI and Z 2 here refer to the leptons that are the products of the Z decay.
bW here refers to the lepton that is the product of the W decay.
Cuts Z --->Pt Z -+ ee W7 Zy --- P Zy --* ee
Number of events 1616333 1616333 56210 1474 1474
3 good leptons 2371.16(0.001%) 1613.93(0.001%) 0(0%) 9.67(0.007%) 6.61(0.004%)
Z boson 2158.59(91.06%) 1223.46(75.81%) 0(0%) 8.04(83.12%) 5.06(76.46%)
pT(Z1) > 17.5 GeV& pT(Z2) > 15 GeVa 2030.33(94.06%) 1133.80(92.67%) 0(0%) 7.53(93.77%) 4.68(92.53%)
pT(W) > 12 GeVb 813.60(40.07%) 526.41(46.43%) 0(0%) 6.69(88.81%) 4.42(88.14%)
AO(W, Z) > 6deg 795.27(97.75%) 506.16(96.15%) 0(0%) 6.53(97.58%) 4.05(98.13%)
AD(piyss, W) < 164 deg 740.30(93.09%) 465.67(92.00%) 0(0%) 6.22(95.21%) 3.67(90.76%)
Number of jets< 1 604.70(81.68%) 344.189(73.19%) 0(0%) 4.94(79.44%) 2.99(81.53%)
pfSs > 27 GeV& SgTss > 65 GeV 54.97(9.09%) 26.03(7.56%) 0(0%) 0.23(4.62%) 0.12(3.99%)
430< min(/A(T'"ss , f)) < 1680 0(0%) 2.89(11.11%) 0(0%) 0.08(35.48%) 0.03(29.03%)
Overall Efficiency 0% w 10-6% 0% 10- s  10-
Table 4.6: The results of incremental cuts on backgrounds Z -- /1tq, Z -- ee, Wy, Z7y -• 1,tu and Zy -i ee are shown. The
percentages in parentheses refer to the number of events passing since the previous cut.
'Z 1 and Z2 here refer to the leptons that are the products of the Z decay.bW here refers to the lepton that is the product of the W decay.

Chapter 5
Results
The results of the analysis explained in Chapter 4 are shown in this section. First,
Section 5.1 summarizes the yields of the signal WZ - 3U and the various backgrounds
after the selection cuts. In Section 5.2 the WZ ---+ 3f(e, y) cross section is measured
for the four final states and the combined case and results are compared with the
Monte Carlo production of the samples.
5.1 Signal and Background Yields
Signal and Background samples are affected differently after the WZ event selection
cuts are applied as outlined in Section 4.7. Also, all events are weighed taking into
account the cross section and the number of generated events of each signal or back-
ground. The quality criterion (QSB), an important measure of the success of the WZ
event selection process is calculated using the following formula:
SQSB = (5.1)VB + (20%B) 2 + (AB)2
The derivation of this equation comes from the combination of high and Gaussian
statistics in our measurement. In high statistics, the significance of a signal is given
by data B, where for Gaussian, data = S+ B. Substituting the latter into the former,
we get the significance to be ". The term 20%B is the statistical uncertainty in thevfB.
background measurement, whereas the term AB is the systematic uncertainty in the
same measurement. After including uncertainties in the formula for the significance
of a signal, Eq. 5.1 is reached.
Optimization techniques (see Appendix A) are used to fine-tune the selection cuts
that maximize the QsB ratio. A ratio over 8 is achieved. The number of signal events
is 43.5 ± 6.6, while the number of background events is 6.4 ± 2.5. Assuming the
distribution of signal and background events is Gaussian, a five standard deviation
observation is achieved with data corresponding to 1 fb- ' of integrated luminosity.
Table 5.1 shows how many events are present after the WZ event selection cuts.
In addition, Figure 5-1 shows the plots of the W and Z mass with the signal and
background events.
Table 5.1: Expected number of selected events for
1 fb - ' for signal and background
an integrated luminosity of
Sample Number of Events
WZ -U 3£ 43.53
ZZ - 4e 2.18
WW- 2f 0
tt -2 1.18
Z -- P /P 0
Z -- ee 2.89
W-y -- f 0
Z-y P- • 0.08
Zy - ee 0.04
Total Signal 43.53
Total Background 6.37
S/B 6.84
s/-B 17.25
QsB (Eq. 5.1) 8.17
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Figure 5-1: The plots show the W and Z masses of the signal and background events.
5.2 Cross Section Measurement
The cross section of each of the four WZ -+ 3U final states (see Section 4.7) is calcu-
lated using Eq. 4.1. The statistical uncertainties are determined using Eq. 4.2. The
results are compared with the expected value from the production of the Monte Carlo
simulation samples. Table 5.2 shows the cross sections calculated, with uncertainties
and comparisons to the predicted values for all four final states and the generic lepton
final state. It is worth noting that the statistical uncertainty corresponds to a sample
of WZ -+ 3U with integrated luminosity 1 fb- 1.
Comparing the measured results with the expected, we find agreement within the
uncertainties.
a e as u r ed = 723.4 ± 27.6(stat.) ± 144.7(syst.) fb
predicted = 708 ± 26.6 fb
CAM Mea W CobCMS Monte Carlo
I
,,.u-An
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f#AMsa PeW
WZ -+ 3M le 2Cp 1p2e 3e All
generated events 2400 2400 2300 2300 9500
efficiency e 0.16 0.14 0.08 0.08 0.11
acceptance A 0.44 0.45 0.44 0.43 0.44
reconstructed events 1800 1400 1100 900 5300
cross section a (fb) 185 178 178 181 723
predicted a (fb) 177 177 177 177 708
ANsignal 12.3667 9.9672 13.1063 13.6758 22.2189
AE 10.72 11.21 15.11 15.74 50.60
AA 5.18 4.92 4.98 5.17 20.24
AL 11.12 10.70 10.70 10.89 43.40
total AUstat 20.4542 19.0698 23.2219 24.0852 27.5521
Ausyst 37.08 35.66 35.65 36.29 144.68
Table 5.2: Results for cross section measurement
Chapter 6
Conclusions and Perspectives
We have investigated the CMS detector, and the muon detection system in more
detail. The pp -- WZ -+ 3U(e, t) process is studied thoroughly and its cross section
is measured in a full fledged analysis. Signal and background samples are simulated
and processed through reconstruction and analysis, as they would if they were real
samples.
In data corresponding to 1 fb-A of integrated luminosity, the present analysis
predicts a yield of 44 signal and 6 background events. We infer that during the first
year of LHC operation, the CMS detector will observe WZ pair production. Even
though the present method achieves a high S/B ratio, an even higher signal yield
would be desirable. The measured cross section measured = 723.4 ± 139.7(stat.) +
144.7(syst.) fb compares well with the predicted value aredicted = 708 ± 26.6 fb
The WZ --+ 3 channel is an important channel for the early data taking period at
the LHC. A discovery can be claimed with data corresponding to 1 fb- 1 of integrated
luminosity. This channel is one of the Higgs backgrounds. Studies of this decay
advance our understanding of the W and Z bosons and offer measurements of their
couplings to each other and other particles.
The upcoming LHC operation rightfully excites non-scientists and scientists alike.
Popular culture has, for the first time, transmitted the message that one missing
piece of nature's puzzle is close to be found, the Higgs boson. Expectations are
high, not only for the so-called "God particle" [28], but also for supersymmetry,
extra dimensions, and new physics that has yet to be predicted. Supporters of the
Standard Model of particle physics will soon face their final exam, where the defining
question will be finding the Higgs boson within the theoretical limits. Some riskier
counterparts are hoping to answer the bonus questions of new physics. In the end,
Nature will provide her manuscript, and we are merely going to decode it, page by
page, as scientists have been attempting it since the dawn of civilization.
Appendix A
Optimization Techniques
Multivariate analysis is necessary in this analysis because many selection cuts are
used to distinguish WZ events from background events. While physics intuition and
knowledge of the processes involved is necessary to estimate which cuts should be
enforced, optimization techniques are important to aid the analysis to achieve the best
result, quantified in the quality criterion, S/B ratio. The automatic adjustment of all
cuts to improve the ratio eases the optimization process, as does its computational
efficiency.
The cuts that are used in the WZ event selection are listed in Table 4.5 in Sec-
tion 4.7. Optimization techniques, such as the Toolkit for Multivariate data Analy-
sis (TMVA) [29] and Genetic Algorithm for Rectangular Cuts Optimization (GAR-
CON) [30], are used to improve the analysis quality criterion (see Eq. 5.1 in Sec-
tion 5.1). The following sections will explain how each technique is employed for this
analysis.
A.1 TMVA - Toolkit for Multivariate Data Anal-
ysis
Toolkit for MultiVariate data Analysis (TMVA) uses genetic algorithms on user-
declared signal and background samples. These algorithms adjust the selected cuts
in such a way as to maximize the analysis quality criterion, in this case S/B. The
toolkit allows for weighing of events of different samples and also allows us to run
the analysis excluding specific datasets, in order to focus on others. For example, the
number of jets selection is the one that drastically reduces the high cross section tt
background.
This method allows for a quick glance on how different cuts affect each background
sample and the signal. Correlations between cuts are also found as expected, for
example the correlation between missing transverse energy and missing transverse
momentum. In the end, TMVA aids in adjusting the cuts that specifically rejected
some background samples. An entire genetic algorithm optimization is subsequently
ran in GARCON, as explained in the following section.
A.2 GARCON - Genetic Algorithm for Rectangu-
lar Cuts Optimization
Genetic Algorithm for Rectangular Cuts Optimization (GARCON) provides a frame-
work for treating the weighed signal and background samples with specified cuts.
Then genetic algorithms are run in order to optimize the rectangular limits on the
selected cuts that maximize the analysis quality criterion, S/B. The advantage of
this method is its efficiency. It can run many permutations of different variables in a
fraction of the time that is usually required of other optimization techniques [30).
The results of GARCON's optimization are adjusted to integer or half-integers
and the program is used to determine the S/B of the adjusted cuts. We find that the
change in the analysis quality criterion is minimal and hence the new cuts are used.
The results are shown in Tables 4.5 and 4.6.
All in all, optimization techniques are extremely useful in high energy physics and
this analysis is no different.
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